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Clinical PerspectiveWhat Is New?Younger women with coronary artery disease (CAD) had greater inflammation and inflammatory response to mental stress for interleukin‐6 compared with similarly aged men.These differences persisted after adjustment for CAD risk factors, including depression and CAD severity.These differences were not observed among older women and men or among community controls without CAD.What Are the Clinical Implications?Young women with CAD should be recognized as a vulnerable group in terms of their basal level of circulating levels of interleukin‐6 and of their enhanced immune reactivity to stress.Findings from this study raise the possibility that mental stress may increase risk of cardiovascular events among young women through an inflammatory pathway involving interleukin‐6.

Introduction {#jah33664-sec-0008}
============

Proinflammatory biomarkers, including circulating cytokine interleukin‐6 (IL‐6), monocyte chemoattractant protein‐1 (MCP‐1), and matrix metallopeptidase‐9 (MMP‐9), together with acute‐phase C‐reactive protein (CRP), have been shown to predict cardiovascular disease.[1](#jah33664-bib-0001){ref-type="ref"}, [2](#jah33664-bib-0002){ref-type="ref"}, [3](#jah33664-bib-0003){ref-type="ref"}, [4](#jah33664-bib-0004){ref-type="ref"}, [5](#jah33664-bib-0005){ref-type="ref"}, [6](#jah33664-bib-0006){ref-type="ref"}, [7](#jah33664-bib-0007){ref-type="ref"}, [8](#jah33664-bib-0008){ref-type="ref"} A growing number of studies have shown elevations of inflammatory cytokines in response to an acute laboratory stressor, especially IL‐6, suggesting that inflammation may be one potential pathway by which stress contributes to progression of coronary artery disease (CAD) and triggering of acute coronary syndromes.[9](#jah33664-bib-0009){ref-type="ref"}, [10](#jah33664-bib-0010){ref-type="ref"}, [11](#jah33664-bib-0011){ref-type="ref"}, [12](#jah33664-bib-0012){ref-type="ref"}

Women have been reported to exhibit higher circulating concentrations of inflammatory markers than men[13](#jah33664-bib-0013){ref-type="ref"}, [14](#jah33664-bib-0014){ref-type="ref"} and heightened cytokine production in response to psychological stressors.[15](#jah33664-bib-0015){ref-type="ref"}, [16](#jah33664-bib-0016){ref-type="ref"} Sex‐specific differences in inflammatory response to stress may be important in understanding the pathophysiology and prognosis of CAD among women as demonstrated by recent reports examining mental stress--induced myocardial ischemia,[17](#jah33664-bib-0017){ref-type="ref"}, [18](#jah33664-bib-0018){ref-type="ref"}, [19](#jah33664-bib-0019){ref-type="ref"}, [20](#jah33664-bib-0020){ref-type="ref"} and especially young women, a group with high psychosocial burden.[19](#jah33664-bib-0019){ref-type="ref"}, [21](#jah33664-bib-0021){ref-type="ref"}, [22](#jah33664-bib-0022){ref-type="ref"}, [23](#jah33664-bib-0023){ref-type="ref"} Compared with men of the same age, young women with CAD have poorer prognosis with an increased risk of adverse cardiovascular outcomes.[24](#jah33664-bib-0024){ref-type="ref"}, [25](#jah33664-bib-0025){ref-type="ref"}, [26](#jah33664-bib-0026){ref-type="ref"}, [27](#jah33664-bib-0027){ref-type="ref"}, [28](#jah33664-bib-0028){ref-type="ref"} Understanding physiological differences in response to stress may help elucidate potential mechanisms that may increase young women\'s susceptibility to adverse cardiovascular outcomes.

In the current study, based on a large sample of patients with stable CAD with a broad age range, our goal was to extend previous findings[29](#jah33664-bib-0029){ref-type="ref"} and contrast results of other biomarkers with known relevance to CAD, which were recently shown to increase with mental stress in this sample (MCP‐1 and MMP‐9),[11](#jah33664-bib-0011){ref-type="ref"} and biomarkers with known limited stress‐reactivity (high‐sensitivity C‐reactive protein; hsCRP)[9](#jah33664-bib-0009){ref-type="ref"}, [10](#jah33664-bib-0010){ref-type="ref"} across sex and age. To determine whether sex differences in inflammatory biomarker levels are specific for CAD patients or reflect differences between women and men in the general population, we also examined inflammatory responses among a sample of healthy community controls. Given our previous findings that young women post‐MI (myocardial infarction) have higher plasma concentrations of IL‐6 before and after stress testing,[29](#jah33664-bib-0029){ref-type="ref"} and previous data including 2 meta‐analyses that showed increased circulating and stimulated concentrations of IL‐6 following exposure to mental stress, but not hsCRP,[9](#jah33664-bib-0009){ref-type="ref"}, [10](#jah33664-bib-0010){ref-type="ref"}, [11](#jah33664-bib-0011){ref-type="ref"} we hypothesized that younger women with CAD, but not controls, would have higher concentrations of IL‐6, and possibly also MCP‐1 and MMP‐9, but not hsCRP, compared with men and older patients.

Methods {#jah33664-sec-0009}
=======

Study Design and Participants {#jah33664-sec-0010}
-----------------------------

The data that support the findings of this study are available from the corresponding author on reasonable request. Between June 2011 and March 2016, we enrolled 949 individuals (626 men, 323 women) with stable CAD in 2 parallel studies with similar protocols, the MIPS (Mental Stress Ischemia Prognosis Study; n=636) and the MIMS2 (Myocardial Infarction and Mental Stress Study 2; n=313).[11](#jah33664-bib-0011){ref-type="ref"}, [20](#jah33664-bib-0020){ref-type="ref"}, [30](#jah33664-bib-0030){ref-type="ref"}, [31](#jah33664-bib-0031){ref-type="ref"} Both studies included patients with CAD from Emory University--affiliated hospitals and clinics, shared testing and data collection protocols, as well as study staff, investigators, facilities, and equipment, but there were some differences in the inclusion criteria. For the MIPS, patients were eligible for participation if they were aged between 30 and 79 years and had documented CAD, including any of the following: (1) abnormal coronary angiography or intravascular ultrasound demonstrating atherosclerosis with at least luminal irregularities; (2) previous percutaneous or surgical coronary revascularization; (3) documented MI; or (4) positive exercise or pharmacological nuclear stress test or electrocardiographic exercise stress test.[31](#jah33664-bib-0031){ref-type="ref"} Although patients in the MIPS could have angiographic (but not necessarily incident) CAD by history, 73% of patients in the MIPS did have a past history of MI, stroke, heart failure, or angina. For the MIMS2, patients were included if they were between the ages of 18 and 60 year, and were hospitalized for an acute MI within the past 8 months. Diagnosis of MI was verified by medical record review based on standard criteria of troponin levels and ECG changes. The MIMS2 also included 50% women by design. Patients were excluded from both studies if they were pregnant; if they were hospitalized in the previous week for unstable angina, decompensated heart failure, or MI; if they had severe psychiatric conditions such as schizophrenia or alcohol or substance abuse; and if they had active malignancy, end‐stage renal disease, or other severe medical problems expected to shorten life expectancy. We excluded 29 patients from MIMS2 who had any chronic inflammatory conditions of chronic infections (eg, HIV, lupus) because these patients were also excluded in the MIPS. Because overall study procedures and results were similar after first analyzing the studies separately (results not shown), we combined the data from these 2 studies, resulting in 920 patients (636 MIPS and 284 MIMS2). Previously published data showed that patients from the MIPS and the MIMS2 had similar inflammatory response to mental stress.[11](#jah33664-bib-0011){ref-type="ref"}

During the baseline enrollment visits for the study, clinical information, including previous cardiovascular events, risk factors for CAD, and coronary angiography results, were documented as described below. Patients also underwent mental stress testing following standardized procedures. Medications, including beta blockers, calcium‐channel blockers, as well as long‐acting nitrates, xanthine derivatives, and caffeine‐containing products, were withheld for 24 hours before stress testing. All procedures were in accord with institutional guidelines.

Of 920 CAD patients in the pooled MIPS and MIMS2 data set, 101 patients had missing plasma samples, because of technical difficulties in sample drawing or processing, or the patient refused blood draw. Thus, a total of 819 patients with CAD were included in this analysis. As part of the study design for the MIMS2, 112 young and middle‐aged controls were also recruited in the Atlanta area from a community‐based study of individuals without established CAD. Inclusion criteria for controls were aged between 18 and 60 years and no past history of MI, unstable or stable angina pectoris, congestive heart failure, or stroke. Controls were frequency matched for age and sex to MI cases, with the goal of achieving ≈50% women and a similar mean age in both samples. We excluded 2 controls from the analytical sample who had any chronic inflammatory conditions of chronic infections (eg, HIV, lupus) and restricted the analysis to those with available plasma samples (biomarker data were only available for IL‐6), resulting in a total sample of 89 control subjects for comparison. This research was approved by the Emory University Institutional Review Board. Written informed consent was obtained from all patients and controls enrolled in the study. More detailed information on objectives and study design of these research protocols has been described elsewhere.[11](#jah33664-bib-0011){ref-type="ref"}, [31](#jah33664-bib-0031){ref-type="ref"}, [32](#jah33664-bib-0032){ref-type="ref"}

Measurements {#jah33664-sec-0011}
------------

### Mental stress testing procedure {#jah33664-sec-0012}

Patients and controls were tested using a standardized public speaking task after a 30‐minute rest period, in a temperature‐controlled, quiet, and dimly lit room. Briefly, participants were asked to imagine a situation in which a close relative had been mistreated in a nursing home. Participants were given 2 minutes to prepare and 3 minutes to deliver a speech in front of an evaluative audience. Blood pressure and heart rate were recorded throughout.

### Myocardial perfusion imaging and single‐photon emission computed tomography images {#jah33664-sec-0013}

Although both patients and controls underwent mental stress testing, only patients with CAD underwent myocardial perfusion imaging and were given 20 to 30 mCi of Tc99 m radioisotope at 1 minute into the speech.[33](#jah33664-bib-0033){ref-type="ref"} Myocardial perfusion imaging with 99 m‐Tc‐sestamibi single‐photon emission computed tomography was performed at rest and 30 to 60 minutes after mental stress following a standardized protocol. Images were interpreted by 2 experienced readers without knowledge of patients' medical history, demographic characteristics (eg, sex, race/ethnicity), or severity of CAD. Rest and stress images were visually compared for number and severity of perfusion defects using a 17‐segment model. Specifically, each of the segments was scored from 0 (normal uptake) to 4 (no uptake) as previously described.[19](#jah33664-bib-0019){ref-type="ref"}, [31](#jah33664-bib-0031){ref-type="ref"}, [34](#jah33664-bib-0034){ref-type="ref"} Discrepancies in the interpretation of single‐photon emission computed tomography images were further investigated and resolved after consensus.

### Measurement of inflammatory responses {#jah33664-sec-0014}

Inflammatory biomarkers were measured from venous blood samples collected at rest and 90 minutes post--mental stress testing, including IL‐6, hsCRP, MCP‐1, and MMP‐9. Only inflammatory data for IL‐6 were available for community controls. Plasma collection time points were selected based on previous studies of mental stress testing, and our own pilot testing, indicating that inflammatory response to stress becomes more apparent 1 hour after mental stress onset.[10](#jah33664-bib-0010){ref-type="ref"}, [15](#jah33664-bib-0015){ref-type="ref"}, [29](#jah33664-bib-0029){ref-type="ref"}, [35](#jah33664-bib-0035){ref-type="ref"}, [36](#jah33664-bib-0036){ref-type="ref"}, [37](#jah33664-bib-0037){ref-type="ref"} Venous blood was collected into ice‐cooled citrate tubes and immediately centrifuged at 4°C; obtained plasma was snap‐frozen at −70°C until further processing. We utilized the MesoScale system (Meso Scale Diagnostics, Rockville, MD) using the SECTOR Imager 2400 to quantitate hsCRP, IL‐6, MCP‐1, and MMP‐9 according to the protocols supplied by the manufacturer. The Mesoscale multiplex assay system uses electrochemiluminescence for high sensitivity and broad dynamic range. All biomarkers were in the range of detection. The inter‐assay coefficient of variations for midpoint standards were 3.06% for hsCRP, 5.78% for IL‐6, 4.99% for MCP‐1, and 9.38% for MMP‐9. Intra‐assay coefficient of variations were 2.33% for hsCRP, 3.29% for IL‐6, 3.45% for MCP‐1, and 5.95% for MMP‐9.

### Other measurements {#jah33664-sec-0015}

Demographic information was obtained using standardized questionnaires. Previous medical history (diabetes mellitus, hypertension, or previous MI) and medication use (eg aspirin, beta blockers) were obtained by study nurses or physicians through medical history, clinical examinations, and by reviewing medical records. Depressive symptoms were assessed with the Beck Depression Inventory‐II,[38](#jah33664-bib-0038){ref-type="ref"} a reliable and valid self‐report measure that has been widely used in cardiac as well as noncardiac patients. Lifetime history of major depression, current major depression, and lifetime/current post‐traumatic stress disorder (PTSD) were assessed using the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition[39](#jah33664-bib-0039){ref-type="ref"} by a trained research nurse under the supervision of the study psychiatrist (J.D.B.). We also administered the Cohen\'s Perceived Stress Scale,[40](#jah33664-bib-0040){ref-type="ref"} a 10‐item survey of general stress validated in multiethnic populations. Height and weight were objectively measured during the clinical exam and used to calculate body mass index (kg/m^2^). Angiographic data for CAD patients were obtained from the most recent coronary angiogram in the patient\'s chart. CAD severity was measured using the Gensini Score.[41](#jah33664-bib-0041){ref-type="ref"}

Statistical Analyses {#jah33664-sec-0016}
--------------------

Descriptive statistics were compared between men and women using *t* tests or Mann--Whitney--Wilcoxon tests for continuous variables and chi‐square tests or Fisher\'s exact test for categorical variables. Given the skewed distributions of inflammatory markers (IL‐6, hsCRP, MCP‐1, and MMP‐9), natural log transformations were used in all analyses. Results for inflammatory markers are presented as geometric means.

We examined concentrations of IL‐6, hsCRP, MCP‐1, and MMP‐9 before and 90 minutes after mental stress testing using linear mixed models for repeated measures. To determine whether baseline levels and inflammatory response to stress differed by age and sex, we included time‐by‐age, time‐by‐sex, age‐by‐sex, and time‐by‐age‐by‐sex interactions in the repeated‐measures analyses. Age was examined as a continuous variable. We estimated linear combinations of the regression coefficients for age across sex and time. We further tested differences in slopes for age between women and men. For descriptive purposes, mean concentrations of IL‐6, hsCRP, MCP‐1, and MMP‐9 were calculated at 40, 50, 60, 70, and 80 years of age from models including age as a continuous variable.

We also expressed the results in terms of inflammatory response to stress for IL‐6, hsCRP, MCP‐1, and MMP‐9, calculated as (natural log) differences between 90 minutes post--mental stress and resting values, in mixed models for repeated measures. The antilog of this difference, or exp(log~e~(post stress values)−log~e~(resting values)), is equal to the antilog of the ratio, or exp(log~e~(post stress value/resting value)), and can be interpreted as the percent increase in inflammatory response with stress from baseline values.

All analyses were conducted before and after adjusting for possible confounding factors considered a priori*,* including demographics factors (age, race, and education), lifestyle and clinical risk factors known to affect inflammation (current smoking, body mass index, diabetes mellitus, hypertension, previous MI, heart failure, and major depression), as well as medication use (aspirin, beta‐blockers, statins, angiotensin‐converting enzyme inhibitors, and antidepressants). To determine whether inflammatory concentrations were confounded by severity of CAD, a subsequent model further adjusted for summed resting score, a quantitative measure of perfusion defect. Also, to minimize any potential batch effect, we deemed important to include biomarker plate as a random effect in our models to account for any correlation of values related to how the samples were run or prepared in the laboratory. Thus, we further included plate effect as a random intercept in a final set of models. We also adjusted final models for study source. The significance level for main effects was set at *P*\<0.05, whereas the statistical significance of interaction effects was set at *P*\<0.10. In exploratory analysis restricted to only women, we also investigated whether age differences in inflammation and response over time were moderated or explained for by postmenopausal status. We also explored whether adjusting (separately) for other psychosocial variables (current major depression, depressive symptoms, lifetime or current history of PTSD, PTSD symptoms, and perceived stress) would confound or change the results given that young women with CAD have high psychosocial burden.[19](#jah33664-bib-0019){ref-type="ref"}, [21](#jah33664-bib-0021){ref-type="ref"}, [22](#jah33664-bib-0022){ref-type="ref"}, [23](#jah33664-bib-0023){ref-type="ref"} All analyses were repeated among community controls. All statistical analyses were conducted using SAS software (version 9.4; SAS Institute Inc, Cary, NC).

Results {#jah33664-sec-0017}
=======

Patients With CAD {#jah33664-sec-0018}
-----------------

### Descriptive characteristics {#jah33664-sec-0019}

The analytic sample included 819 patients, of which 31% were women (n=257). Female sex was significantly associated with younger age, black race, and lower educational attainment (Table [1](#jah33664-tbl-0001){ref-type="table"}). Female sex was also significantly associated with higher body mass index, a previous MI, a history of major depression and diabetes mellitus, and taking beta blockers and antidepressants. Male sex, however, was significantly associated with dyslipidemia, a higher Gensini Score (a measure of CAD severity), and taking angiotensin‐converting enzyme inhibitors.

###### 

Descriptive Characteristics for Patients and Community Controls, MIPS and MIMS2

                                             Patients (n=819)   Controls (n=98)                                                                                                                         
  ------------------------------------------ ------------------ ------------------- ---------- --------------------------------------------------- ---------------------------------------------------- ------
  Total                                      257                562                            50                                                  48                                                   
  Demographics                                                                                                                                                                                          
  Age, y, mean (SD)                          57.6 (10.7)        60.9 (9.7)          \<0.0001   50.2 (7.9)[c](#jah33664-note-0005){ref-type="fn"}   48.0 (10.7)[c](#jah33664-note-0005){ref-type="fn"}   0.25
  Age \>50 y, n (%)                          198 (77.0)         486 (86.5)          0.001      28 (56.0)[b](#jah33664-note-0006){ref-type="fn"}    29 (60.4)[c](#jah33664-note-0005){ref-type="fn"}     0.66
  Black, n (%)                               141 (54.9)         160 (28.4)          \<0.0001   22 (44.0)                                           16 (33.3)                                            0.28
  Education high school or less              84 (32.9)          158 (28.4)          0.19       4 (8.2)[b](#jah33664-note-0006){ref-type="fn"}      5 (10.9)[b](#jah33664-note-0006){ref-type="fn"}      0.73
  Psychosocial risk factors                                                                                                                                                                             
  Lifetime history major depression, n (%)   105 (42.0)         127 (23.4)          \<0.0001   11 (22.0)[b](#jah33664-note-0006){ref-type="fn"}    8 (16.7)                                             0.50
  Current major depression, n (%)            39 (15.7)          39 (7.3)            0.0002     1 (2.0)[b](#jah33664-note-0006){ref-type="fn"}      2 (4.2)                                              0.61
  Beck Depression Inventory, mean (SD)       12.3 (10.3)        8.1 (8.5)           \<0.0001   5.4 (7.2)[c](#jah33664-note-0005){ref-type="fn"}    6.7 (7.3)                                            0.38
  Lifetime history of PTSD, n (%)            30 (12.1)          43 (7.9)            0.06       2 (4.0)                                             3 (6.3)                                              0.67
  Current PTSD, n (%)                        21 (8.4)           30 (5.5)            0.12       2 (4.0)                                             2 (4.2)                                              0.99
  PTSD symptom checklist, mean (SD)          31.1 (13.3)        26.6 (11.9)         \<0.0001   23.0 (9.7)[c](#jah33664-note-0005){ref-type="fn"}   25.3 (12.3)                                          0.31
  Perceived Stress Scale, n (%)              15.9 (8.6)         12.3 (7.7)          \<0.0001   10.3 (6.6)[c](#jah33664-note-0005){ref-type="fn"}   10.9 (6.5)                                           0.64
  Cardiovascular risk factors                                                                                                                                                                           
  BMI, kg/m^2^, mean (SD)                    31.8 (7.7)         29.5 (5.0)          \<0.0001   28.7 (6.9)[b](#jah33664-note-0006){ref-type="fn"}   28.6 (5.0)                                           0.93
  Current smoker, n (%)                      40 (15.7)          81 (14.7)           0.71       2 (4.2)[b](#jah33664-note-0006){ref-type="fn"}      2 (4.3)[b](#jah33664-note-0006){ref-type="fn"}       0.99
  Diabetes mellitus, n (%)                   98 (38.1)          170 (30.3)          0.03       4 (8.0)[c](#jah33664-note-0005){ref-type="fn"}      3 (6.3)[b](#jah33664-note-0006){ref-type="fn"}       0.99
  Hypertension, n (%)                        206 (80.2)         422 (75.1)          0.11       15 (30.0)[c](#jah33664-note-0005){ref-type="fn"}    14 (29.2)[c](#jah33664-note-0005){ref-type="fn"}     0.93
  Dyslipidemia, n (%)                        199 (77.4)         471 (83.8)          0.03       17 (34.0)[c](#jah33664-note-0005){ref-type="fn"}    12 (25.0)[c](#jah33664-note-0005){ref-type="fn"}     0.33
  Medications                                                                                                                                                                                           
  Aspirin, n (%)                             210 (82.0)         481 (85.9)          0.16       6 (12.5)[c](#jah33664-note-0005){ref-type="fn"}     3 (6.1)[c](#jah33664-note-0005){ref-type="fn"}       0.32
  Beta blocker, n (%)                        211 (82.4)         420 (75.0)          0.02       3 (6.1)[c](#jah33664-note-0005){ref-type="fn"}      2 (4.2)[c](#jah33664-note-0005){ref-type="fn"}       0.99
  ACE inhibitors, n (%)                      96 (37.5)          279 (49.8)          0.001      4 (8.2)[c](#jah33664-note-0005){ref-type="fn"}      8 (16.7)[c](#jah33664-note-0005){ref-type="fn"}      0.23
  Antidepressant, n (%)                      78 (30.5)          106 (18.9)          0.0003     11 (22.5)                                           4 (8.3)                                              0.09
  Statins, n (%)                             210 (82.0)         487 (87.0)          0.06       6 (12.2)[c](#jah33664-note-0005){ref-type="fn"}     8 (16.7)[c](#jah33664-note-0005){ref-type="fn"}      0.58
  Clinical characteristics (patients only)                                                                                                                                                              
  Previous MI, n (%)                         163 (63.4)         265 (47.2)          \<0.0001   ···                                                 ···                                                  ···
  Heart failure, n (%)                       41 (16.0)          110 (19.6)          0.22       ···                                                 ···                                                  ···
  Revascularization, n (%)                   198 (77.0)         429 (76.3)          0.82       ···                                                 ···                                                  ···
  Mental stress--induced ischemia, n (%)     42 (16.8)          92 (16.5)           0.92       ···                                                 ···                                                  ···
  Gensini Score, median (IQR)                19.0 (6.0, 47.5)   30.5 (10.0, 67.0)   0.0002     ···                                                 ···                                                  ···
  Ejection fraction, mean (SD)               63.2 (16.7)        60.6 (14.7)         0.03       ···                                                 ···                                                  ···
  SPECT Summed Rest Score, mean (SD)         3.1 (6.1)          5.4 (8.8)           \<0.0001   ···                                                 ···                                                  ···

ACE indicates angiotensin‐converting enzyme; BMI, body mass index; IQR, interquartile range; MI, myocardial infarction; MIMS2, Myocardial Infarction and Mental Stress Study 2; MIPS, Mental Stress Ischemia Prognosis Study; PTSD, post‐traumatic stress disorder; SPECT, single‐photon emission computed tomography.

Statistical tests: categorical variables: chi‐square or Fisher\'s exact test; continuous variables: Student *t* test or Wilcoxon--Mann--Whitney *U* test, when appropriate.

*P*\<0.05 between patients and controls within sex.

*P*\<0.0001 between patients and controls within sex.

Compared with women in the control sample, women with CAD were significantly associated with older age, lower educational attainment, and a more adverse psychosocial profile (more depression, more PTSD symptoms, and more perceived stress). As expected, women with CAD were significantly associated with cardiovascular risk factors and taking aspirin, beta blockers, angiotensin‐converting enzyme inhibitors, and statins. Whereas similar differences in sociodemographic and cardiovascular risk factors were noted comparing men with CAD with male controls, there were no significant differences in distribution of psychosocial factors between these 2 groups.

Descriptive inflammatory profiles of patients at rest and 90 minutes post‐stress by sex are presented in Table [2](#jah33664-tbl-0002){ref-type="table"}. At both time points, women had significantly higher levels of IL‐6, hsCRP, and MCP‐1, whereas men had higher levels of MMP‐9.

###### 

Descriptive Inflammatory Profiles at Rest and 90 Minutes After Mental Stress by Sex Among Patients With CAD, MIPS and MIMS2 Combined Cohorts

                 Women   Men                 *P* Value                       
  -------------- ------- ------------------- ----------- ------------------- ----------
  IL‐6, pg/mL                                                                
  Rest           257     1.75 (1.62, 1.89)   561         1.40 (1.33, 1.47)   \<0.0001
  90 min         217     2.48 (2.27, 2.71)   515         1.82 (1.72, 1.93)   \<0.0001
  hsCRP, mg/L                                                                
  Rest           256     2.52 (2.14, 2.98)   559         1.60 (1.43, 1.79)   \<0.0001
  90 min         216     2.17 (1.82, 2.59)   512         1.51 (1.35, 1.69)   0.001
  MCP‐1, pg/mL                                                               
  Rest           257     136 (132, 141)      562         118 (115, 120)      \<0.0001
  90 min         217     142 (136, 147)      515         123 (120, 126)      \<0.0001
  MMP‐9, ng/mL                                                               
  Rest           257     57.5 (53.2, 62.2)   562         65.3 (61.9, 68.8)   0.01
  90 min         217     59.6 (54.8, 64.8)   515         72.0 (68.2, 76.0)   0.0002

Values reported are geometric mean concentrations of IL‐6, HsCRP, MCP‐1, and MMP‐9. CAD indicates coronary artery disease; CI, confidence interval; hsCRP, high‐sensitivity C‐reactive protein; IL‐6, interleukin‐6; MCP‐1, monocyte chemoattractant protein‐1; MIMS2, Myocardial Infarction and Mental Stress Study 2; MIPS, Mental Stress Ischemia Prognosis Study; MMP‐9, matrix metallopeptidase 9.

### Inflammatory profiles at rest and post‐stress {#jah33664-sec-0020}

Sex differences for IL‐6 were more prominent for younger women in unadjusted models at rest and post‐stress (Figures [1](#jah33664-fig-0001){ref-type="fig"} and [2](#jah33664-fig-0002){ref-type="fig"}), also showing a steeper age‐related slope in women than men, especially for post‐stress values (Figure [2](#jah33664-fig-0002){ref-type="fig"}). After adjusting for additional demographic factors (race and education), lifestyle and clinical risk factors for increased inflammation (current smoking, body mass index, diabetes mellitus, hypertension, previous MI, heart failure, and lifetime history of depression), as well as medication use (aspirin, beta‐blocker, statins, angiotensin‐converting enzyme inhibitors, and antidepressants), concentrations of IL‐6 were significantly higher for women at rest and post‐stress compared with similarly aged men at 40, 50, and 60 years of age, but not at 70 or 80 years of age (Table [3](#jah33664-tbl-0003){ref-type="table"}). Substituting other psychosocial variables in place of lifetime history of depression did not substantially change the results. Results were similar in a subsequent model that further adjusted for summed resting score, a quantitative measure of perfusion deficit, plate effect, and study source. Thus, these results did not appear confounded by severity of CAD. Furthermore, in exploratory analysis restricted to only women, we did not find that differences in IL‐6 by age were moderated or explained for by postmenopausal status. Interaction terms of sex‐by‐age, sex‐by‐time, and age‐by‐time had *P*\<0.05, indicating that participants' inflammatory reactivity to mental stress for IL‐6 across time differed by age and also by sex, that is, the slopes for age were significantly different by sex. Sex‐by‐age‐by‐time interactions were \<0.10 in all models, indicating that participants' inflammatory reactivity for IL‐6 differed by age and sex across time.

![Unadjusted geometric mean plasma concentrations and 95% confidence intervals for IL‐6, hsCRP,MCP‐1, and MMP‐9 at specified values of age (40, 50, 60, 70, and 80 years) across sex and time among women and men with CAD from MIPS and MIMS2 combined cohorts. Repeated‐measures models were used to investigate age and sex differences across time, testing for interaction of age (continuous) and sex. Natural log values modeled and presented as geometric means. CAD indicates coronary artery disease; hsCRP, high‐sensitivity C‐reactive protein; IL‐6, interleukin‐6; MCP‐1, monocyte chemoattractant protein‐1; MIMS2, Myocardial Infarction and Mental Stress Study 2; MIPS, Mental Stress Ischemia Prognosis Study; MMP‐9, matrix metallopeptidase 9.](JAH3-7-e010329-g001){#jah33664-fig-0001}

![Unadjusted regression slopes for age across sex and time for IL‐6, hsCRP,MCP‐1, and MMP‐9 among women and men with CAD from MIPS and MIMS2 combined cohorts. Natural log values modeled using repeated‐measures analysis for inflammatory outcome measures of IL‐6, hsCRP,MCP‐1, and MMP‐9 with 95% confidence intervals. Repeated‐measures models were used to investigate age and sex differences across time, testing for interaction of age (continuous) and sex. CAD indicates coronary artery disease; hsCRP, high‐sensitivity C‐reactive protein; IL‐6, interleukin‐6; MCP‐1, monocyte chemoattractant protein‐1; MIMS2, Myocardial Infarction and Mental Stress Study 2; MIPS, Mental Stress Ischemia Prognosis Study; MMP‐9, matrix metallopeptidase 9.](JAH3-7-e010329-g002){#jah33664-fig-0002}

###### 

Unadjusted and Adjusted Geometric Mean Plasma Concentrations of IL‐6 at Specified Values of Age (40, 50, 60, 70, and 80 years) Across Sex and Time Among Women and Men With CAD, MIPS and MIMS2 Combined Cohorts[a](#jah33664-note-0009){ref-type="fn"}

                Rest                90 Minutes Post‐Stress                                                                                                                                    
  ------------- ------------------- ------------------------ ---------- ---------------------------------------------------------- ---------------------------------------------------------- ----------
  IL‐6, pg/mL                                                                                                                                                                                 
  Model 1                                                                                                                                                                                     
  Age=40 y      1.89 (1.63, 2.18)   1.33 (1.18, 1.51)        0.0004     3.46 (2.95, 4.05)[c](#jah33664-note-0011){ref-type="fn"}   2.02 (1.77, 2.31)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=50 y      1.81 (1.65, 1.98)   1.36 (1.26, 1.47)        \<0.0001   2.92 (2.63, 3.23)[c](#jah33664-note-0011){ref-type="fn"}   1.93 (1.78, 2.10)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=60 y      1.73 (1.60, 1.87)   1.39 (1.32, 1.47)        \<0.0001   2.46 (2.26, 2.68)[c](#jah33664-note-0011){ref-type="fn"}   1.84 (1.74, 1.95)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=70 y      1.66 (1.48, 1.87)   1.42 (1.32, 1.52)        0.02       2.07 (1.83, 2.35)[c](#jah33664-note-0011){ref-type="fn"}   1.76 (1.63, 1.90)[c](#jah33664-note-0011){ref-type="fn"}   0.03
  Age=80 y      1.59 (1.34, 1.90)   1.45 (1.30, 1.63)        0.38       1.75 (1.44, 2.12)                                          1.68 (1.49, 1.89)[b](#jah33664-note-0012){ref-type="fn"}   0.72
  Model 2                                                                                                                                                                                     
  Age=40 y      1.88 (1.58, 2.25)   1.43 (1.23, 1.67)        0.01       3.49 (2.89, 4.22)[c](#jah33664-note-0011){ref-type="fn"}   2.19 (1.86, 2.57)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=50 y      1.92 (1.69, 2.19)   1.56 (1.39, 1.76)        0.001      3.12 (2.73, 3.58)[c](#jah33664-note-0011){ref-type="fn"}   2.23 (1.97, 2.51)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=60 y      1.71 (1.54, 1.89)   1.96 (1.76, 2.20)        0.01       2.80 (2.49, 3.15)[c](#jah33664-note-0011){ref-type="fn"}   2.26 (2.04, 2.51)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=70 y      2.00 (1.74, 2.31)   1.86 (1.65, 2.10)        0.29       2.50 (2.15, 2.91)[c](#jah33664-note-0011){ref-type="fn"}   2.30 (2.03, 2.60)[c](#jah33664-note-0011){ref-type="fn"}   0.26
  Age=80 y      2.05 (1.68, 2.49)   2.03 (1.74, 2.37)        0.95       2.24 (1.81, 2.76)                                          2.34 (1.98, 275)[b](#jah33664-note-0012){ref-type="fn"}    0.71
  Model 3                                                                                                                                                                                     
  Age=40 y      1.89 (1.58, 2.25)   1.44 (1.23, 1.67)        0.01       3.48 (2.89, 4.22)[c](#jah33664-note-0011){ref-type="fn"}   2.20 (1.87, 2.58)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=50 y      1.93 (1.69, 2.19)   1.57 (1.40, 1.76)        0.001      3.13 (2.73, 3.58)[c](#jah33664-note-0011){ref-type="fn"}   2.23 (1.98, 2.52)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=60 y      1.96 (1.75, 2.20)   1.71 (1.54, 1.90)        0.01       2.80 (2.49, 3.15)[c](#jah33664-note-0011){ref-type="fn"}   2.27 (2.04, 2.52)[c](#jah33664-note-0011){ref-type="fn"}   0.0001
  Age=70 y      2.00 (1.74, 2.30)   1.87 (1.66, 2.11)        0.33       2.51 (2.16, 2.94)[c](#jah33664-note-0011){ref-type="fn"}   2.31 (2.04, 2.61)[c](#jah33664-note-0011){ref-type="fn"}   0.26
  Age=80 y      2.04 (1.67, 2.48)   2.04 (1.74, 2.39)        0.99       2.25 (1.82, 2.78)                                          2.34 (1.99, 2.77)[b](#jah33664-note-0012){ref-type="fn"}   0.73
  Model 4                                                                                                                                                                                     
  Age=40 y      1.70 (1.40, 2.05)   1.36 (1.15, 1.61)        0.01       3.14 (2.58, 3.84)[c](#jah33664-note-0011){ref-type="fn"}   2.08 (1.74, 2.48)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=0 y       1.88 (1.61, 2.19)   1.58 (1.36, 1.82)        0.003      3.06 (2.62, 3.58)[c](#jah33664-note-0011){ref-type="fn"}   2.25 (1.94, 2.60)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=60 y      2.08 (1.80, 2.40)   1.83 (1.59, 2.10)        0.005      2.98 (2.57, 3.45)[c](#jah33664-note-0011){ref-type="fn"}   2.42 (2.10, 2.79)[c](#jah33664-note-0011){ref-type="fn"}   \<0.0001
  Age=70 y      2.30 (1.95, 2.72)   2.11 (1.81, 2.47)        0.17       2.90 (2.44, 3.45)[c](#jah33664-note-0011){ref-type="fn"}   2.62 (2.24, 3.06)[c](#jah33664-note-0011){ref-type="fn"}   0.14
  Age=80 y      2.55 (2.06, 3.16)   2.45 (2.03, 2.95)        0.68       2.83 (2.26, 3.53)                                          2.83 (2.33, 3.42)[b](#jah33664-note-0012){ref-type="fn"}   0.99

Model 1 adjusted for: age, sex, time, age×sex, age×time, sex×time, and age×sex×time. Model 2 adjusted for: model 1 covariates+race, education, diabetes mellitus, hypertension, body mass index (continuous), lifetime history of depression, smoking status, aspirin, beta blocker, statins, angiotensin‐converting enzyme inhibitors, antidepressants, previous myocardial infarction, and heart failure. Model 3 adjusted for: model 2 covariates+summed rest score. Model 4 adjusted for: model 3 covariates+plate effect and data source. CAD indicates coronary artery disease; CI, confidence interval; IL‐6, interleukin‐6; MIMS2, Myocardial Infarction and Mental Stress Study 2; MIPS, Mental Stress Ischemia Prognosis Study.

A natural log transformation was used for biomarker values as outcome using repeated‐measures analyses.

*P*\<0.05 between baseline and 90 minutes within sex.

*P*\<0.0001 between baseline and 90 minutes within sex.

In contrast to IL‐6, slopes for age regressed on hsCRP, MCP‐1, and MMP‐9 were not significantly different between women and men at either rest or 90 minutes post‐stress (Figure [2](#jah33664-fig-0002){ref-type="fig"}). Estimated geometric mean concentrations across time and sex for specified values of age (Table [S1](#jah33664-sup-0001){ref-type="supplementary-material"}) showed that, with the exception of MCP‐1, the other biomarkers of inflammation all tended to decrease with age, in a similar fashion in women and men.

### Inflammatory response (difference between post‐stress values and resting values) {#jah33664-sec-0021}

When results were expressed in terms of the difference between post‐stress values and resting values within the mixed models for repeated measures, conclusions remained consistent. Inflammatory response for IL‐6 was significantly higher for younger women (at calculated values of age at 40, 50, and 60 years), but not among men (Figure [S1](#jah33664-sup-0001){ref-type="supplementary-material"}), and age slopes were significantly different by sex (Figure [S2](#jah33664-sup-0001){ref-type="supplementary-material"}; Table [S2](#jah33664-sup-0001){ref-type="supplementary-material"}). More specifically, at 40 years of age, inflammatory response for women at 90 minutes post‐stress was 83% higher compared with baseline values, whereas inflammatory response for men was 52% (*P*=0.01; Table [4](#jah33664-tbl-0004){ref-type="table"}). Inflammatory response for women versus men at 50 years of age was 61% versus 42% (*P*=0.005) and at 60 years of age was 42% versus 32% (*P*=0.05). Results were similar in adjusted models (Table [4](#jah33664-tbl-0004){ref-type="table"}). There were no differences in inflammatory response for other inflammatory biomarkers by age and sex, with the exception of MMP‐9 for older participants (Figures [S1](#jah33664-sup-0001){ref-type="supplementary-material"} and [S2](#jah33664-sup-0001){ref-type="supplementary-material"}; Tables [S2](#jah33664-sup-0001){ref-type="supplementary-material"} and [S3](#jah33664-sup-0001){ref-type="supplementary-material"}).

###### 

Unadjusted and Adjusted Inflammatory Response of IL‐6 (pg/mL) by Sex at Specified Values of Age (40, 50, 60, 70, and 80 Years) Among Patients With CAD, MIPS and MIMS2 Combined Cohorts

             Outcome: Inflammatory Response[a](#jah33664-note-0014){ref-type="fn"}                       
  ---------- ----------------------------------------------------------------------- ------------------- ------
  Model 1                                                                                                
  Age=40 y   1.83 (1.64, 2.04)                                                       1.52 (1.39, 1.66)   0.01
  Age=50 y   1.61 (1.50, 1.73)                                                       1.42 (1.34, 1.50)   0.01
  Age=60 y   1.42 (1.34, 1.50)                                                       1.32 (1.27, 1.37)   0.05
  Age=70 y   1.25 (1.14, 1.36)                                                       1.24 (1.18, 1.30)   0.86
  Age=80 y   1.10 (0.96, 1.25)                                                       1.16 (1.06, 1.25)   0.51
  Model 2                                                                                                
  Age=40 y   1.85 (1.66, 2.07)                                                       1.53 (1.39, 1.68)   0.01
  Age=50 y   1.62 (1.51, 1.75)                                                       1.42 (1.34, 1.51)   0.01
  Age=60 y   1.42 (1.34, 1.51)                                                       1.33 (1.28, 1.38)   0.05
  Age=70 y   1.25 (1.14, 1.36)                                                       1.23 (1.17, 1.30)   0.83
  Age=80 y   1.09 (0.96, 1.25)                                                       1.15 (1.06, 1.25)   0.54
  Model 3                                                                                                
  Age=40 y   1.85 (1.65, 2.07)                                                       1.53 (1.39, 1.68)   0.01
  Age=50 y   1.62 (1.51, 1.74)                                                       1.42 (1.34, 1.51)   0.01
  Age=60 y   1.43 (1.35, 1.52)                                                       1.33 (1.28, 1.38)   0.04
  Age=70 y   1.26 (1.15, 1.37)                                                       1.23 (1.17, 1.30)   0.73
  Age=80 y   1.11 (0.97, 1.27)                                                       1.15 (1.06, 1.25)   0.63
  Model 4                                                                                                
  Age=40 y   1.85 (1.66, 2.07)                                                       1.53 (1.39, 1.68)   0.01
  Age=50 y   1.63 (1.52, 1.75)                                                       1.42 (1.34, 1.51)   0.01
  Age=60 y   1.43 (1.35, 1.52)                                                       1.33 (1.28, 1.38)   0.04
  Age=70 y   1.26 (1.15, 1.38)                                                       1.24 (1.17, 1.30)   0.75
  Age=80 y   1.11 (0.97, 1.27)                                                       1.15 (1.06, 1.26)   0.61

Model 1 adjusted for: age, sex, time, age×sex, age×time, sex×time, and age×sex×time. Model 2 adjusted for: model 1 covariates+race, education, diabetes mellitus, hypertension, body mass index (continuous), lifetime history of depression, smoking status, aspirin, beta blocker, statins, angiotensin‐converting enzyme inhibitors, antidepressants, previous myocardial infarction, and heart failure. Model 3 adjusted for: model 2 covariates+summed rest score. Model 4 adjusted for model 3 covariates+plate effect and data source. CAD indicates coronary artery disease; CI, confidence interval; IL‐6, interleukin‐6; MIMS2, Myocardial Infarction and Mental Stress Study 2; MIPS, Mental Stress Ischemia Prognosis Study.

A natural log transformation was used for biomarker values in analyses. Inflammatory response calculated as: exp(log~e~(Post stress values)−log~e~(resting values))=exp(log~e~(Post stress value/resting value)) and can be interpreted as a ratio.

Community Controls {#jah33664-sec-0022}
------------------

There were 98 community controls, with a mean age of 49.2 (SD, 9.4; age range, 22--61), of which 51% (n=50) were women and 39% (n=38) were black. There were no significant differences between women and men across demographic or medical and lifestyle factors (Table [1](#jah33664-tbl-0001){ref-type="table"}) or for IL‐6 at rest or 90 minutes post‐stress (Table [S4](#jah33664-sup-0001){ref-type="supplementary-material"}). In general, IL‐6 levels were lower in controls than in CAD patients both at baseline and after stress. Concentrations of IL‐6 among control subjects increased with age for both women and men, both at rest and 90 minutes post‐stress, and there were no significant differences in age slopes between women and men at either time point (Table [5](#jah33664-tbl-0005){ref-type="table"}; Figure [3](#jah33664-fig-0003){ref-type="fig"}A and [3](#jah33664-fig-0003){ref-type="fig"}B). IL‐6 response to stress also increased with age in both women and men, with no sex differences across age (Table [S5](#jah33664-sup-0001){ref-type="supplementary-material"}; Figure [3](#jah33664-fig-0003){ref-type="fig"}C and [3](#jah33664-fig-0003){ref-type="fig"}D).

###### 

Unadjusted and Adjusted Geometric Mean Plasma Concentrations of IL‐6 Specified Values of Age (30, 40, 50, and 60 Years) Across Sex and Time Among Community Controls, MIMS2 Cohort[a](#jah33664-note-0017){ref-type="fn"}

                Rest                90 Minutes Post‐Stress                                                                                                                                
  ------------- ------------------- ------------------------ ------ ---------------------------------------------------------- ---------------------------------------------------------- ------
  IL‐6, pg/mL                                                                                                                                                                             
  Model 1                                                                                                                                                                                 
  Age=30 y      0.90 (0.55, 1.45)   0.69 (0.48, 0.98)        0.38   1.42 (0.79, 2.54)                                          1.36 (0.91, 2.05)[b](#jah33664-note-0018){ref-type="fn"}   0.91
  Age=40 y      0.98 (0.74, 1.31)   0.84 (0.67, 1.05)        0.39   1.70 (1.20, 2.39)[b](#jah33664-note-0018){ref-type="fn"}   1.58 (1.22, 2.04)[c](#jah33664-note-0019){ref-type="fn"}   0.74
  Age=50 y      1.08 (0.90, 1.28)   1.02 (0.85, 1.23)        0.69   2.02 (1.66, 2.47)[c](#jah33664-note-0019){ref-type="fn"}   1.83 (1.49, 2.24)[c](#jah33664-note-0019){ref-type="fn"}   0.48
  Age=60 y      1.18 (0.89, 1.56)   1.25 (0.96, 1.63)        0.77   2.41 (1.73, 3.36)[c](#jah33664-note-0019){ref-type="fn"}   2.12 (1.56, 2.87)[b](#jah33664-note-0018){ref-type="fn"}   0.57
  Model 2                                                                                                                                                                                 
  Age=30 y      1.00 (0.49, 2.04)   0.98 (0.54, 1.79)        0.95   1.51 (0.68, 3.34)                                          1.91 (1.01, 3.60)[b](#jah33664-note-0018){ref-type="fn"}   0.51
  Age=40 y      1.10 (0.62, 1.93)   1.10 (0.66, 1.84)        0.98   1.86 (1.02, 3.40)[b](#jah33664-note-0018){ref-type="fn"}   2.05 (1.21, 3.47)[c](#jah33664-note-0019){ref-type="fn"}   0.66
  Age=50 y      1.21 (0.75, 1.95)   1.24 (0.77, 1.98)        0.84   2.30 (1.41, 3.77)[c](#jah33664-note-0019){ref-type="fn"}   2.20 (1.37, 3.54)[c](#jah33664-note-0019){ref-type="fn"}   0.75
  Age=60 y      1.32 (0.81, 2.17)   1.39 (0.85, 2.26)        0.81   2.84 (1.67, 4.81)[c](#jah33664-note-0019){ref-type="fn"}   2.36 (1.43, 3.89)[b](#jah33664-note-0018){ref-type="fn"}   0.42
  Model 3                                                                                                                                                                                 
  Age=30 y      1.02 (0.50, 2.07)   0.99 (0.54, 1.80)        0.92   1.54 (0.70, 3.39)                                          1.92 (1.02, 3.61)[b](#jah33664-note-0018){ref-type="fn"}   0.53
  Age=40 y      1.11 (0.63, 1.94)   1.10 (0.66, 1.84)        0.98   1.88 (1.03, 3.43)[c](#jah33664-note-0019){ref-type="fn"}   2.05 (1.21, 3.46)[b](#jah33664-note-0018){ref-type="fn"}   0.69
  Age=50 y      1.21 (0.75, 1.95)   1.23 (0.77, 1.97)        0.88   2.30 (1.40, 3.78)[c](#jah33664-note-0019){ref-type="fn"}   2.18 (1.35, 3.52)[c](#jah33664-note-0019){ref-type="fn"}   0.71
  Age=60 y      1.31 (0.80, 2.16)   1.37 (0.84, 2.24)        0.83   2.81 (1.66, 4.78)[c](#jah33664-note-0019){ref-type="fn"}   2.33 (1.41, 3.85)[b](#jah33664-note-0018){ref-type="fn"}   0.40

Model 1 adjusted for: age, sex, time, age×sex, age×time, sex×time, and age×sex×time. Model 2 adjusted for: model 1 covariates+race, education, diabetes mellitus, hypertension, body mass index (continuous), lifetime history of depression, smoking status, aspirin, beta blocker, statins, angiotensin‐converting enzyme inhibitors, and antidepressants. Model 3 adjusted for: model 3 covariates+plate effect. CI indicates confidence interval; IL‐6, interleukin‐6; MIMS2, Myocardial Infarction and Mental Stress Study 2.

A natural log transformation was used for biomarker values as outcome using repeated‐measures analyses.

*P*\<0.05 between baseline and 90 minutes within sex.

*P*\<0.0001 between baseline and 90 minutes within sex.

![Geometric mean plasma concentrations and regression slopes with 95% confidence intervals of IL‐6 among women and men community controls. **A**, Geometric mean plasma concentrations at specified values of age (30, 40, 50, and 60 years) across sex and time; (**B**) regression slopes for age across sex and time; (**C**) inflammatory response; and (**D**) regression slopes for inflammatory response across age and sex. Repeated‐measures models were used to investigate age and sex differences across time testing for interaction of age (continuous) and sex. Inflammatory response was calculated as: (exp (log~e~(Post stress values)−log~e~(resting values)) within the repeated‐measures model. Natural log values modeled and presented as geometric means in (**A**) and (**C**). IL‐6 indicates interleukin‐6.](JAH3-7-e010329-g003){#jah33664-fig-0003}

Discussion {#jah33664-sec-0023}
==========

In the present study, we found that younger women with CAD have significantly higher concentrations of IL‐6 before and after mental stress, as well as a higher response to stress, compared with similarly aged men with CAD. These differences persisted after adjustment for CAD risk factors, including depression and CAD severity. Importantly, these differences were not observed among older women and men or among controls without CAD. Although MCP‐1 and MMP‐9 also increased with mental stress among CAD patients, the pattern of increase was similar by sex across age, and there were no significant differences in inflammatory response for age and sex with the exception of MMP‐9 in adjusted models for older participants. HsCRP did not increase with mental stress irrespective of sex and age.

Our results are in agreement with our previous findings in a small sample of post‐MI patients, where we reported, for the first time, that women aged ≤50 years, but not older women, had higher plasma concentrations of IL‐6 before and 90 minutes after mental stress testing compared with age‐matched men.[29](#jah33664-bib-0029){ref-type="ref"} In the present analysis, we were able to replicate these findings using a larger sample of patients with CAD with a broader age range, included data from community controls, and examined a larger panel of inflammatory markers. In this comprehensive study, we were able to demonstrate not only that young women with CAD have higher IL‐6 levels than men of similar age, but they also show an enhanced IL‐6 response to mental stress compared with men. Importantly, these results were only found among patients with CAD, and not among the community controls. In contrast to patients with CAD, IL‐6 increased with age in the healthy sample of community controls. Other studies have also found that serum levels of IL‐6 tend to increase with age in healthy populations.[42](#jah33664-bib-0042){ref-type="ref"} In addition, we found that patients with CAD have higher baseline levels of IL‐6 and greater inflammatory response to mental stress than controls.

Our results are consistent with the only other study that has investigated inflammatory responses to mental stress among CAD patients and controls.[43](#jah33664-bib-0043){ref-type="ref"} That study found IL‐6 increases after mental stress among both patients with CAD and controls. Consistent with our results, they also found a tendency for patients to have a higher inflammatory response than controls. Our findings are also consistent with a recent systematic review and meta‐analysis on the effects of acute psychological stress on circulating and stimulated inflammatory markers among healthy and clinical populations, which found that IL‐6 showed among the most robust and consistent associations with stress.[10](#jah33664-bib-0010){ref-type="ref"} Age and sex differences, however, were not investigated within these aforementioned studies. Importantly, in most studies, the largest effect for IL‐6 following stress was at 90 minutes post‐stress,[10](#jah33664-bib-0010){ref-type="ref"} which supports our plasma collection time point at 90 minutes.

In our study, we also found that, whereas women and younger patients with CAD had higher concentrations of hsCRP at baseline and 90 minutes after mental stress, there were no significant differences in slopes across age or sex for both baseline values and 90 minutes post‐stress, and virtually no change in hsCRP with stress irrespective of age or sex. Kop et al[43](#jah33664-bib-0043){ref-type="ref"} did find an increase in CRP 90 minutes after mental stress challenge among patients with CAD. However, the bulk of the literature points to lack of change in CRP in response to stress. Marsland et al[10](#jah33664-bib-0010){ref-type="ref"} examined the results of 6 studies and nine unique samples, and found no evidence for a significant change in CRP from baseline to 0 to 10, 20 to 30, or 20 to 120 minutes post‐stress. CRP is produced primarily in the liver in response to IL‐6.[44](#jah33664-bib-0044){ref-type="ref"}, [45](#jah33664-bib-0045){ref-type="ref"} Although it is possible that a longer time is needed to capture the peak CRP response to stress, the fact that no effect is noted even at 120 minutes up to 24 hours post‐stress suggests low reactivity rather than a delayed response.[37](#jah33664-bib-0037){ref-type="ref"}, [46](#jah33664-bib-0046){ref-type="ref"}

The underlying explanation for age and sex differences in the proinflammatory cytokine, IL‐6, among CAD patients remains unknown. A possibility may be sex differences in glucocorticoid receptor sensitivity, which may affect proinflammatory cytokine production after stress, and perhaps may be more pronounced in patients with CAD than community controls. A study conducted by Rohleder et al[16](#jah33664-bib-0016){ref-type="ref"} showed that men had a significant increase in glucocorticoid sensitivity 1 hour after mental stress, whereas women showed a slight decrease. An increase in glucocorticoid sensitivity would inhibit proinflammatory cytokine production and thereby terminate an inflammatory response timely in men, whereas a decrease in glucocorticoid sensitivity among women would maintain or further stimulate an inflammatory response.[16](#jah33664-bib-0016){ref-type="ref"} As a consequence, the male response pattern may protect the body from tissue damage and other adverse effects of systematic elevations of proinflammatory cytokines after acute psychological stress, whereas women may be more susceptible to them.[16](#jah33664-bib-0016){ref-type="ref"} Research also suggests that estrogens may enhance cytokine production,[47](#jah33664-bib-0047){ref-type="ref"} thereby stimulating secretion of proinflammatory cytokines among women. A decrease in estrogen levels among older women because of their postmenopausal status may thereby result in lower secretion of proinflammatory cytokines, explaining why we did not observe age and sex differences in concentrations of IL‐6 before and after stress testing among older women. However, there is still an unresolved paradox about the role of estrogens in inflammation.[42](#jah33664-bib-0042){ref-type="ref"} In exploratory analysis restricted to only women, however, we did not find that differences in IL‐6 by age were moderated or explained by postmenopausal status. Given that postmenopausal status was self‐reported, an investigation of estrogen and other sex hormones as potential mechanisms for age and sex differences in IL‐6 among CAD patients as well as controls deserves further attention. Our results were also independent of lifetime history of depression given that young women with CAD are a group with high psychosocial burden. In exploratory analyses, adjustment for additional psychosocial variables measuring depression, PTSD, and perceived stress were not likely to confound or explain these observed associations. However, the possibility for bidirectional associations between CAD and depression and its relationship with inflammation should not be dismissed.

Our results point to young women with CAD as a vulnerable group in terms of their basal level of circulating levels of IL‐6 and their enhanced immune reactivity to stress. The pronounced sex differences in baseline levels of IL‐6 and IL‐6 response to stress among younger patients, with women showing much higher levels than men, are not paralleled by similar findings among young community controls, where women and men had very similar overall levels as well as responses to stress. These distinctive findings in patients and controls raise the possibility that IL‐6 responses to acute stress are involved in the etiology of early‐onset CAD among women, although this hypothesis requires further research. Furthermore, inflammatory responses to psychological stress involving IL‐6 could increase the development and risk of untoward subsequent events in young women with CAD, potentially affecting their long‐term prognosis. This interleukin is a significant predictor of a plethora of adverse health outcomes, including increased ambulatory blood pressure,[48](#jah33664-bib-0048){ref-type="ref"} increased arterial stiffness,[49](#jah33664-bib-0049){ref-type="ref"} and increased risk for acute coronary syndromes.[50](#jah33664-bib-0050){ref-type="ref"} Previous research has also shown that higher values of IL‐6 increased the risk of clinical outcomes, recurrent coronary events, and all‐cause mortality in stable CAD patients and after acute coronary syndromes,[5](#jah33664-bib-0005){ref-type="ref"}, [6](#jah33664-bib-0006){ref-type="ref"} and may be a more‐robust risk biomarker than CRP.[6](#jah33664-bib-0006){ref-type="ref"} These previous findings suggest that IL‐6 reflects a pathophysiological process for adverse cardiovascular outcomes rather than being a mere risk biomarker.[4](#jah33664-bib-0004){ref-type="ref"} Thus, IL‐6 may be an important pathway through which young women with CAD are susceptible to increased risk of CAD and adverse outcomes and deserves further exploration. Importantly, these results did not appear confounded by CAD severity as measured by myocardial perfusion imaging.

A limitation of our study is that we were unable to prospectively explore whether a higher inflammatory response to stress among women was associated with adverse cardiovascular outcomes, although this is a rationale for future research. Another limitation of this study is that we only examined inflammatory biomarkers at 2 time points. However, previous data indicate that the 90 minutes post‐stress time point is optimal for most biomarkers of inflammation.[10](#jah33664-bib-0010){ref-type="ref"}, [15](#jah33664-bib-0015){ref-type="ref"}, [29](#jah33664-bib-0029){ref-type="ref"}, [35](#jah33664-bib-0035){ref-type="ref"}, [36](#jah33664-bib-0036){ref-type="ref"}, [37](#jah33664-bib-0037){ref-type="ref"} Furthermore, we cannot exclude the possibility of unmeasured or residual confounding, which may bias effect estimates. However, there are also several strengths of our study. Our study included a large sample of participants with a large proportion of women and wide age range to examine age and sex differences in inflammatory response to mental stress. The experimental design and inclusion of community controls are also unique strengths of this study.

In a large study of patients with stable CAD undergoing mental stress testing in the laboratory, we showed that younger women exhibited a higher IL‐6 response to acute psychological stress than other groups. Although women with CAD compared with men in our sample had higher levels of other inflammatory biomarkers at baseline, the enhanced stress‐induced inflammatory response among young women was specific to IL‐6. These results were uniquely found among women with CAD and not among a sample of young community controls without CAD. Higher inflammatory cytokines among young women with CAD in response to stress may be an important pathway linking stress and cardiovascular outcomes. Future prospective studies should investigate whether these differences are associated with higher morbidity and mortality among young women with CAD.
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**Table S3.** Unadjusted and Adjusted Inflammatory Response of hsCRP, MCP‐1, and MPP‐9 by Sex at Specified Values of Age (40, 50, 60, 70, and 80 Years) Among Patients With CAD, MIPS and MIMS2 Combined Cohorts

**Table S4.** Descriptive Inflammatory Profiles at Rest and 90 Minutes After Mental Stress by Sex Among Controls (n=98), MIMS2. Values reported are geometric mean concentrations of IL‐6

**Table S5.** Unadjusted and Adjusted Inflammatory Response of IL‐6 (pg/mL) by Sex at Specified Values of Age (30, 40, 50, and 60 Years) Among Community Controls, MIMS2

**Figure S1.** Inflammatory response for IL‐6, HsCRP, MCP‐1, and MMP‐9 with 95% confidence intervals among women and men with CAD from MIPS and MIMS2 combined cohorts.

**Figure S2.** Regression slopes for age and sex showing inflammatory response for IL‐6, HsCRP, MCP‐1, and MMP‐9 with 95% confidence intervals among women and men with CAD from MIPS and MIMS2 combined cohorts.
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